Recent studies have illustrated that the transcription co-repressor, C-terminal binding protein 1 (CtBP1), links the metabolic alterations to transcription controls in proliferation, EMT, genome stability, metabolism, and lifespan, but whether CtBP1 affects the cellular redox homeostasis is unexplored. This study was designed to investigate the mechanism of CtBP1-mediated transcription repression that contributes to the metabolic reprogramming.
Background
Pyruvate participates in carbon metabolism regulation as a product of glycolysis and is a major substrate for the tricarboxylic acid cycle in mitochondria. Hypoxia, which is low oxygen tension, is a common feature of malignant tumors [1] . The initial lack of oxygen impairs mitochondrial function, and pyruvate is reduced to lactate by lactate dehydrogenase, representing the first wave of free NADH in the cytosol and nucleus [2, 3] .
Carboxyl-terminal binding protein 1 (CtBP1) is a transcriptional co-repressor and a NADH sensor that activates multiple oncogenic pathways [4] . Although CtBP1 is mainly expressed during early embryonic development, its reactivation has been reported in colorectal cancer, melanoma, breast cancer, and head and neck cancers [5] [6] [7] [8] [9] [10] . CtBP1 activation has been shown to promote proliferation and genomic instability, suppress apoptosis, and induce epithelial-mesenchymal transition [5] [6] [7] [8] [9] [10] .
The increase in CtBP1, like increasing levels of cellular NADH under hypoxia conditions, affects proliferation [11] , EMT [12] , and genome stability [10] , but whether it directly affects metabolism, especially the redox balance between lactate and pyruvate, is unexplored.
The mitochondrial pyruvate transporters MPC1 and MPC2 are essential for mitochondrial pyruvate transport from the cytosol to the mitochondrial following glycolysis in yeast, Drosophila, and humans, by forming a multimeric complex embedded in the mitochondrial inner membrane [13] . Lost expression of MPC1 and MPC2 is found in a variety of cancers, and low MPC1 expression levels in colon cancer, kidney cancer, and lung cancer are associated with poor survival [14] . However, how MPC1 and MPC2 are regulated in cancer cells still remains unknown. Here, we explored whether CtBP1-mediated transcription repression contributes to metabolic reprogramming by suppressing the mitochondrial influx of pyruvate.
Material and Methods

Cell culture and transfections
Mouse MEFs and human melanoma cells, A375 and SK-MEL-28, were cultured in DMEM with 10% FBS. The mouse MEFs cells were described previously [15] . For hypoxia treatment, cells were exposed to 1% O 2 and 5% CO 2 balanced with N 2 . For 2-DG treatment, melanoma cells were cultured with an additional 10 mM 2-DG (Sigma, St. Louis, MO, USA) for specified times.
In knockdown experiments, cells were treated with siRNA against CtBP1, MPC1, and MPC2 from Dharmacon using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Knockdown of MPC1 and MPC2 was performed by treating cells with 20 nM siRNA using the Lipofectamine RNAiMax transfection reagent (Thermo Scientific, Rockford, IL, USA), according to the manufacturer's instructions. The All-Stars non-targeting siRNA (Qiagen, MD, USA) was used as the control for siRNAs targeting mouse MPC1 and MPC2. SiRNAs targeting CtBP1 were described previously [6, 15] . Sequences of the sense strands of targeting siRNAs, which include a 3' tt DNA overhang, were as follows. MPC1: (1) UCAACUACGAGAUGAGUAAtt, and (2) GGAAAACACAGAAUGCUAtt, and MPC2: (1) CCGAUA AGGUGAUGCUAAAtt, and (2) UGGAUAAAGUGGAGUUGUUtt.
Cloning
Human MPC1 and MPC2 were cloned from 293T cell cDNA. 2×flag tag was fused at the N-terminal of MPC1 and MPC2. Then, the flag-tagged fragment was cloned into PCDNA3 vector for additional expression experiments.
The sequences between -300 and 0 bp region of the MPC-1 and MPC-2 promoters was constructed on pGL4.26 by using the following primers. For MPC1 promoter, forward: 5'-CGCGCTAGC ACCCGGCCACGCCTTACGGCC-3', reverse: 5'-GATCTCGAGCCACTGCAGGTCGCCCCAAG-3'. For MPC2 promoter, forward: 5'-CGC GCTAGCGAGGCTGCCGACTGCCAGCCC-3', forward: 5'-GATAAGCTT CCCATTTTAACTACGGGCCTG-3'.
Western blotting and quantification
RIPA150 lysis buffer with protease inhibitor (Sigma, USA) was used for cell lysate preparation. Lysate samples were separated by SDS-PAGE and transferred to PVDF membranes (Bio-Rad, USA). The membranes were then blotted with primary antibodies to CtBP1 (EMD Millipore, Billerica MA, USA), FLAG (Sigma, St. Louis, MO, USA), MPC1 (Cell Signaling Technology, USA), MPC2 (Cell Signaling Technology, USA), and actin (Sigma, St. Louis, MO, USA) overnight at 4°C followed by incubation with secondary antibodies (Cell Signaling Technology, USA) for 1 h at room temperature. Signals were detected using enhanced chemiluminescence reagent (Thermo Scientific, USA). For blot bands quantification, ImageJ software was used for quantifying all bands, and targeted protein expression levels were normalized to b-actin band values.
qRT-PCR
Total RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) as previously described [12] . One hundred nanograms of RNA was reverse-transcribed to cDNA from each sample using cDNA Synthesis kits (Thermo Scientific, Rockford, IL, USA). An 18S probe was used as an internal control. Each sample was examined in triplicate. The relative RNA expression levels were determined by normalizing with internal controls, the values 7615 of which were calculated using the comparative Ct method. Chromatin immunoprecipitation (ChIP) and luciferase reporter assay A375 cells, with or without hypoxia or 2-DG (Sigma, St. Louis, MO, USA) treatment, were used for ChIP assay with an anti-CtBP1 antibody and normal rabbit IgG, as described previously [12] . Cells were cross-linked with 1% formaldehyde for 15 min, then stopped by 0.125 M glycine. Cell pellets were collected and sonicated in lysis buffer. Fragmented DNA was precipitated with CtBP1 antibody (EMD Millipore, Billerica MA, USA) and protein A beads (RepliGen, Waltham, MA, USA). Precipitated protein/DNA complexes were reverse cross-linked with additional 350 mM NaCl at 65°C for 6 h. The DNA fragments were then purified and used for PCR analysis. Primer sets spanning the MPC1 and MPC-2 promoters were used to q-PCR-amplify the ChIP samples are as follow. MPC1 forward: 5'-CGGTTGCTAGGCTCCAG-3', reverse: 5'-ACAGTCCTGTGGGTCAG-3'. MPC2 forward: 5'-GAGAAGGGAAAGTGAAGCTG-3', reverse: 5'-CGGGCCTGCTTAATCAAAG-3'.
An empty Renilla luciferase vector (pGL4.79) was used for normalization. The reporters were co-transfected with CtBP1-expressing plasmids [16] and the luciferase activity was measured. Empty plasmid was used for control.
NAD+/NADH ratio measurement
The NADH/NAD + ratio was measured as described previously [12, 17] . Cells at 80% confluence were cultured in a 6-cm culture dish and homogenized in 100 μL 1M HClO3 and neutralized with 50 μL of 2M KHCO3. The concentrations of pyruvate and lactate were measured fluorimetrically after an enzymatic cycling reaction using 5 μL of sample. Values for both pyruvate and lactate were detected within the linear range.
MTT assay
We plated 1000 A375 and SK-MEL-28 cells in 96-well plates. Cells were used for MTT assay the next day. MTT assay kits were purchased from Sigma (St. Louis, MO, USA) and all steps were performed according to the manufacturer´s recommendations. Experiments were repeated 3 times.
Scratch assay
A375 and SK-MEL-28 cells were individually transfected with scramble or empty vector, or PCDNA3 vector containing MPC1 and MPC2, or siRNAs against to MPC1 and MPC2 or treated with 10 mM 2-DG, respectively. Cells were cultured in 6-well plates until complete confluence. A pipette was used for generating uniform wounds in the confluent monolayer of cells. After 16 h, the percentage of wound closure area was measured using ImageJ software. Three independent experiments were performed for the assay.
Invasion assay
A375 or SK-MEL-28 cells were transfected with scramble or empty vector, or PCDNA3 vector containing MPC1 and MPC2, or siRNAs against to MPC1 and MPC2 for 48 h. Then, the transfected 1×10 5 cells seeded on the upper side of a Matrigel-coated 6.5 mm polycarbonic Transwell chamber (Corning Costar, USA) with serum-free DMEM culture medium, and the lower side of the Transwell chamber was filled with DMEM culture medium with 10% FBS. For the 2-DG treatment group, 10 mM 2-DG was added to the upper side. After incubation for 24 h, the cells that stayed on the upper surface of the chamber were removed with cotton swabs. We washed the chamber with 1XPBS 2 times and stained the penetrated cells on the lower surface of the chamber using a Hema 3 kit (Thermo Scientific, Rockford, IL, USA) following the manufacturer's instruction. Images were taken with a NikonTS-100 microscope.
Statistical analysis
The data are presented as mean ±SD for 3 independent experiments and analyzed by t test or one-way ANOVA. Multiple comparisons between the groups were performed using S-N-K method. p<0.05 was considered statistically significant. [15] . Simultaneous ablation of both MPC1 and MPC2 did not further increase the lactate-to-pyruvate ratio, suggesting that MPC1 and MPC2 work in a functional unit ( Figure 1A ).
Results
MPC1 and MPC2 are required for cellular redox homeostasis
Next, we transfected MPC1 and MPC2 to the MEFs cells and found that additional expression of MPC1 and MPC2 decreased their lactate-to-pyruvate ratio (Figure1B, 1C), suggesting that the mitochondrial pyruvate transport is a key step in metabolic reprogramming that affects NADH in the cytosol and nucleus. Note that even though MPC1 or MPC2 expression alone localized to the mitochondrial [13] , both MPC1 and MPC2 are required for restoring the normal lactate-to-pyruvate ratio, reflecting the obligated oligomerization of the 2 components of the mitochondrial pyruvate carrier in redox maintenance.
CtBP1 transcriptionally represses MPC1 and MPC2 expression
We next explored whether CtBP1 plays a role in MPC1 and MPC2 transcription control. Overexpression of CtBP1 in MEFs decreased the MPC1 mRNA level as well as the MPC2 mRNA level (Figure 2A) . Using ChIP assay, we found that CtBP1 directly bound to the promoter regions of the MPC1 and the MPC2 genes ( Figure 2B ). CtBP1's repression of these regulatory regions was confirmed by luciferase reporter assays ( Figure 2C ), suggesting that CtBP1 functions as a transcriptional co-repressor for MPC1 and the MPC2 transcription. 
NADH modulates CtBP1-mediated MPC1 and MPC2 repression in melanoma cells
In a spectrum of tumor cells, the expression of CtBP1 is high and is correlated with poor survival [18] [19] [20] . Here, we investigated the CtBP1-mediated regulation of the MPC1 and the MPC2 genes in melanoma cells. CtBP1 was knocked down using siRNAs in A375 cells, and both the MPC1 and the MPC2 mRNA levels and protein levels were increased ( Figure 3A) , confirming the key role of CtBP1 in regulating MPC1 and MPC2 transcription. As the first NADH-sensitive transcriptional corepressor identified, CtBP1 conveys its redox-sensitive transcriptional control via its NADH-dependent recruitment to the CtBP1 target genes. Therefore, we explored whether CtBP1's regulation of the MPC1 and the MPC2 genes is subject to NADH control. As expected, CtBP1's recruitment to the MPC1 and the MPC2 promoters was increased by hypoxia treatment, which elevated the NADH level in A375 cells ( Figure 3B, 3C) , suggesting that the MPC1 and the MPC2 genes are suppressed in human tumor cells by the increased CtBP1 protein as well as 7620 by the elevated NADH levels. Supporting this link, the mRNA levels and protein levels of the MPC1 and the MPC2 were decreased by the hypoxia treatment ( Figure 3D ).
7618
NADH blockage rescues MPC1 and MPC2 expression in melanoma cells
Since the repression of MPC1 or MPC2 by CtBP1 is subject to NADH regulation, we investigated whether NADH blockage can be used for rescuing the MPC1 or MPC2 expression in melanoma cells. 2-DG is a nonmetabolizable structural analogue of glucose, which can be phosphorylated by hexokinase, leading to accumulation of the nonmetabolizable product, 2-deoxyglucose-phosphate (2-DG-P) [21] . A previous report showed 2-DG was able to inhibit glycolysis and reduce NADH level [22] . Consist with a previous report, the NADH level was decreased in A375 cells when treated with 10 mM 2-DG for 24 h ( Figure 4A ). Further, 2-DG treatment decreased the CtBP1 recruitment to the regulatory regions of MPC1 and MPC2 genes ( Figure 4B ). Subsequently, 2-DG treatment increased the mRNA and protein levels of MPC1 or MPC2 ( Figure 4C ), similar to the effect of the CtBP1 knockdown in melanoma cells ( Figure 3A) , suggesting that ablation of CtBP1's activity by blocking NADH rescues the MPC1 and MPC2 expression.
MPC1 and MPC2 expression repressed malignant properties of melanoma cells
To understand the biological functions of MPC1 and MPC2 in melanoma cells, we assayed melanoma cells growth and migration upon expression or knockdown of MPC1 and MPC2. We found that ectopic co-expression of MPC1 and MPC2 in melanoma cell lines, A375 and SK-MEL-28, inhibited their growth, migration, and invasion. Inversely, knockdown of MPC1 and MPC2 enhanced proliferation, migration and invasion of melanoma cells. Furthermore, melanoma cells that received 2-DG Figure 5A-5D ) that were similar to the effect of MPC1 and MPC2 knockdown. These data provide a therapeutic strategy to restore the mitochondrial pyruvate transportation and, in turn, restore NADHmediated redox balance.
Discussion
A previous study revealed that oxygen (pO 2 ) within human cancer tissues is much lower than that of the adjacent normal tissue [23] . Rapidly growing cells experience hypoxia, which leads to glycolytic metabolism in response to reduced O 2 availability. Previous studies have mainly focussed on HIF1, c-Myc, and p53-mediated changes under hypoxia [24] [25] [26] . Our study revealed another switch in this adaptation, linked by NADH and CtBP1 regulation.
Compared to the sir2 family members, which are enzymes utilizing NAD [27] , NADH increases CtBP1 binding to its partners and thus the suppression of target gene transcription. Loss of CtBP1-mediated transcription repression of the Bax gene has been reported to dampen mitochondrial functions, such as ATP production [28] . In this study, we also uncovered direct control of the lactate and pyruvate redox equilibration by CtBP1 via transcriptional control of the mitochondrial pyruvate transporter MPC1 and MPC2 genes. Loss of MPC1 and MPC2 forces the pyruvate from the glycolytic influx to the lactate conversion, leading to increased free NADH in the cytosol and nucleus.
Genetic deletion of MPC in yeast leads to growth defects [13] . Furthermore, disruption or deletion of MPC1 or MPC2 is lethal for mouse embryo development [29, 30] . Expression of MPC1 and MPC2 inhibits cancer cell proliferation, migration, invasion, and stemness in many types of cancer cell [14, 31, 32] . To reveal the mechanism that regulates MPC1 and MPC2 expression, our study investigated the transcriptional control of these key players in metabolic regulation, and provides another regulatory pathway intimately linked to the metabolic alterations (feed-forward).
Low expression of MPC1 or MPC2 is associated with poor survival of patient with lung cancer, colon cancer, bladder cancer, and kidney cancer, indicating the critical roles of MPC1 and MPC2 expression level in cancers [14] . In this study, we identified CtBP1 as a regulator of MPC1 and MPC2, providing a new clue to understand how MPC1 and MPC2 expression is regulated in melanoma cells.
CtBP1 is actively engaged in transcriptional repression. Our previous study reported CtBP1 was overexpressed in melanoma tissues and transcriptionally repressed Brca1 and P16, leading to abnormalities in melanoma cell DNA damage repair and cell cycle. In this study, we demonstrated CtBP1 is a key metabolic regulator and effector linking melanoma cell metabolism to transcriptional regulation, which regulates cell proliferation, migration, and invasion. Overexpression or activation of CtBP1 is highly associated with melanoma cell malignant properties and represses a panel of tumor suppressors in melanoma cells, which may allow CtBP1-targeted therapy for melanoma treatment in the future.
CtBP1 interacts with partner proteins with the PxDLX binding domain to transcriptionally regulate target genes that contribute to cancer cell proliferation, migration, and EMT [20] . Since CtBP1 has been found to be overexpressed in multiple cancer types, it is emerging as a cancer therapeutic target [33] . Small molecules or short peptides have been designed for blocking CtBP1's PxDLX binding domain to interfere in the interaction between CtBP1 and its partner proteins, and showed promising anti-cancer effects [33] [34] [35] . Our study showed the results of elevated CtBP1 and the consequently elevated NADH level, via the CtBP1-mediated blockage of the MPC1 and MPC2 genes, and the CtBP1-NADH 'avalanche', and led to cell tumorigenesis by transcriptional and metabolic reprogramming. Blocking CtBP1 either by glucose metabolism inhibitors like 2-DG or by CtBP1 depletion will put a brake on this land slide. These findings provide another clue for CtBP1-targeted drug design and development.
Overall, our results demonstrate that CtBP1 functions as an NADH generator in addition to being an NADH sensor, thus showing that CtBP1 in centrally involved in tumor metabolism and transcription control. Our findings may aid in future research on the potential of CtBP1-NADH targeting for cancer therapy.
Conclusions
Our work reveals that MPC1 and MPC2 are transcriptionally repressed by CtBP1 and thus provide positive feedback to CtBP1's functions. Higher expression levels of MPC1 and MPC2 inhibit melanoma cell proliferation and migration, suggesting the potential tumor-suppressor roles of MPC1 and MPC2 in melanoma cells.
